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Recombination between homologous DNA molecules
is essential for the proper maintenance and duplica-
tion of the genome, and for the repair of exogenously
induced DNA damage such as double-strand breaks.
Homologous recombination requires the RADS52
group proteins, including Rad51, Rad52 and Rad54.
Upon treatment of mammalian cells with ionizing
radiation, these proteins accumulate into foci at sites
of DNA damage induction. We show that these foci
are dynamic structures of which Rad51 is a stably
associated core component, whereas Rad52 and
Rad54 rapidly and reversibly interact with the struc-
ture. Furthermore, we show that the majority of the
proteins are not part of the same multi-protein com-
plex in the absence of DNA damage. Executing
DNA transactions through dynamic multi-protein
complexes, rather than stable holo-complexes, allows
flexibility. In the case of DNA repair, for example, it
will facilitate cross-talk between different DNA repair
pathways and coupling to other DNA transactions,
such as replication.

Keywords: DNA double-strand break repair/genome
instability/green fluorescent protein/photobleaching/
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Introduction

Homologous recombination plays a pivotal role in genome
duplication and in providing genome stability. Further-
more, it is involved in the repair of exogenously induced
DNA damage such as double-strand breaks (DSBs)
(Flores-Rozas and Kolodner, 2000). Homologous recom-
bination requires, among others, the RADS52 group
proteins, including Rad51, Rad52 and Rad54, and the
breast cancer susceptibility proteins Brcal and Brca2
(Modesti and Kanaar, 2001). Immunofluorescence experi-
ments with fixed mammalian cells have revealed that, in
response to DNA damage, RAD52 group proteins appear
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in subnuclear structures referred to as foci (Haaf er al.,
1995; Tan et al., 1999; Liu and Maizels, 2000). These foci
form at the site of DNA damage (Tashiro et al., 2000)
and contain, in addition to homologous recombination
proteins, proteins involved in DNA metabolism in general,
such as the single-stranded DNA binding protein RPA
(Raderschall er al., 1999). Mutant cell lines defective in
the formation of Rad51-containing DNA damage-induced
foci are sensitive to DNA-damaging agents and display
chromosomal instability (Bishop et al., 1998; Takata et al.,
2000, 2001; Yu et al., 2000; O’Regan et al., 2001).

A critical intermediate in the repair of DSBs is a joint
molecule between the broken DNA and a homologous
double-strand repair template. Biochemical analyses have
revealed that joint molecule formation requires close
cooperation between the RADS52 group proteins (Baumann
and West, 1998; Paques and Haber, 1999; Sung et al.,
2000). Rad51 assembles into a nucleoprotein filament on
the processed broken DNA, which subsequently pairs with
homologous DNA, aided by the Rad52 and Rad54
proteins. Physical interactions among the RADS52 group
proteins have been demonstrated biochemically and with
the use of yeast two-hybrid and co-immunoprecipitation
experiments (Hays et al., 1995; Johnson and Symington,
1995; Golub et al., 1997; Baumann and West, 1998; Chen
et al., 1999; Paques and Haber, 1999; Sung et al., 2000).
These interactions have led to the suggestion that RAD52
group proteins exist in a multi-protein complex, referred to
as a ‘recombinosome’ (Hays et al., 1995). Here we explore
the spatio-temporal association between human Rad51,
Rad52 and Rad54 in living cells where the proteins have
to mediate homologous recombination in the context
of chromatin and amid other nuclear structures and
processes.

Results

DNA damage response of RAD52 group proteins in
living cells

The characteristic DNA damage response of RAD52 group
proteins observed in fixed cells was reproduced in living
cells using the human Rad51, Rad52 and Rad54 proteins
tagged with the green fluorescent protein (GFP). After
treatment of the cells with ionizing radiation, nuclear foci
containing Rad51-GFP, Rad52-GFP and Rad54-GFP
were observed (Figure 1A). We infer biologically relevant
behavior of the GFP-tagged RADS52 group proteins from
the following experiments. By combining the detection of
GFP fluorescence with immunofluorescence, we showed
pairwise colocalization of the three proteins in the DNA
damage-induced foci (Figure 1B; data not shown). The
example shown in Figure 1B revealed quantitative
colocalization of Rad54-GFP and endogenous Rad51
after irradiation. Furthermore, the kinetics and dose
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response of the formation of DNA damage-induced
Rad51-GFP foci were similar to those of endogenous
Rad51, as detected by immunofluorescence (Figure 1C
and D). Similar kinetics to those observed for the
formation of Rad51 foci were observed for Rad52—-GFP
and Rad54-GFP foci upon irradiation (Figure 1C).
Recently, the presence of Rad51 in the nucleus, as well
as in the cytoplasm, has been demonstrated (Davies et al.,
2001; Kraakman-van der Zwet et al., 2002). We observed
a similar subcellular localization for Rad51-GFP
(Figure 1A). Importantly, immunoblot analysis of nuclear
and cytoplasmic fractions of the cells expressing Rad51—
GFP showed that the expression levels of nuclear
endogenous and Rad51-GFP were similar (Figure 1E).
Significantly, the presence of Rad51-GFP did not have a
negative effect on the survival of cells with respect to
irradiation (Figure 1F). The biological activity of
Rad52-GFP has recently been revealed by the demon-
stration that the fusion protein increases the resistance of
cells towards DNA-damaging agents (Liu and Maizels,
2000). Furthermore, the Saccharomyces cerevisiae Rad52—
GFP protein is fully functional in DNA repair and
recombination (Lisby er al., 2001). Finally, Rad54-GFP
corrected the ionizing radiation sensitivity of Rad54
knockout mouse embryonic stem cells (Figure 1G).

Mobility of RAD52 group proteins in the nucleus
To ascertain whether the RAD52 group proteins are
constituents of the same pre-assembled DNA repair
complex in living cells, we analyzed the dynamic behavior
of the proteins using fluorescence redistribution after
photobleaching (FRAP) (White and Stelzer, 1999;
Houtsmuller and Vermeulen, 2001; Misteli, 2001). The
effective diffusion coefficient (D) of the proteins and the
fraction of the proteins that was mobile were determined
by measuring the kinetics of fluorescence recovery in a
nuclear area that had been photobleached (Figure 2). The
fluorescence in a small strip spanning the width of the
entire nucleus was bleached using a 200 ms high-intensity
laser pulse (Ellenberg et al., 1997; Houtsmuller et al.,
1999; Houtsmuller and Vermeulen, 2001). Subsequently,
the recovery of fluorescence in the strip was monitored at
intervals of 100 ms. Figure 2A shows the primary data for
a single cell containing Rad54—-GFP. Measurements were
performed on >60 cells for Rad52 and Rad54. For
estimation of D¢, the final post-bleach pulse fluorescence
intensity measured was set to 1, and the fluorescence
intensity immediately after the bleach pulse was set to 0
(see Materials and methods; Figure 2D). The normalized
data are shown in Figure 2B.

The bleaching protocol employed above led to the
irreversible bleaching of ~30% of all fluorescent proteins
in the cell, due to the ratio between the nuclear volume
irradiated with the laser and the total nuclear volume, and
the diffusion of the proteins during the laser pulse. In the
experiment shown in Figure 2C, the final measured
fluorescence intensity was normalized to the pre-bleach
pulse fluorescence intensity. The fluorescence in the
bleached area recovered to ~70% for both the Rad52 and
Rad54 proteins. This behavior was similar to that of free
GFP in our experimental set-up, and indicates that all of
the detected Rad52 and Rad54 molecules in the cell were
mobile (Ellenberg et al., 1997; White and Stelzer, 1999;
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Houtsmuller and Vermeulen, 2001; Misteli, 2001;
Pederson, 2001). In contrast, Rad51 behaved differently,
in that it was present in two distinct kinetic pools.
Approximately half of the Rad51 proteins were immobile
within the time scale of the measurements.

The fluorescence recovery curves were used to calculate
the D¢ of the mobile fraction of the RAD52 group proteins
(Figure 2D). All three recombination proteins had a lower
mobility than free GFP and, in turn, Rad51 and Rad52 had
a lower mobility than Rad54. The observed differences in
the dynamic behavior of the RAD52 group proteins in the
absence of DNA damage indicate that even though they
colocalize in DNA damage-induced foci, the majority of
the proteins are not constituents of the same pre-assembled
multi-protein complex in undamaged cells. These obser-
vations are consistent with the inability to co-immuno-
precipitate RAD52 group proteins under physiological
conditions in the absence of DNA damage (Tan er al.,
1999; data not shown). Interestingly, in irradiated cells, the
diffusion rates of the Rad52 and Rad54 proteins in the
nucleoplasm did not differ from those in unirradiated cells
(data not shown).

Turnover of RAD52 group proteins in DNA
damage-induced foci

Next we addressed the nature of the DNA damage-induced
foci formed by the RAD52 group proteins. It is not known
whether these subnuclear structures form due to long-lived
protein—protein interactions between their constituents or
whether they are dynamic structures in which the RADS52
group proteins turnover. Therefore, we photobleached a
single Rad52-containing focus in cells treated with
ionizing radiation (Figure 3A). Interestingly, the fluores-
cence of the focus recovered over time, indicating that
unbleached Rad52 molecules from the nucleoplasm were
exchanging with bleached Rad52 molecules in the DNA
damage-induced structure. We quantitated the fluores-
cence recovery of individual foci for the Rad51, Rad52
and Rad54 proteins. Intriguingly, the different RADS52
group proteins displayed very different residence times in
the DNA damage-induced structures (Figure 3B). Half the
original fluorescence intensity recovered in 0.5 s for Rad54
and 26 s for Rad52. In contrast to Rad52 and Rad54,
Rad51 fluorescence hardly recovered over time, implying
that it resides in the DNA damage-induced structures for
much longer.

To obtain independent confirmation of the dynamic
behavior of the RAD52 group proteins in the DNA
damage-induced structures, we examined them using
fluorescence loss in photobleaching (FLIP) (White and
Stelzer, 1999; Houtsmuller and Vermeulen, 2001; Misteli,
2001; Pederson, 2001). In these experiments, the laser
pulse used for bleaching fluorescence was not aimed at the
structures. Instead, an area in the nucleoplasm, devoid of
foci, was repeatedly bleached. The fluorescence intensity
of the nucleoplasm, in a region away from the bleached
area, and of the DNA damage-induced structures in the
cells was measured after every bleach pulse (Figure 4).
The observed relative loss of fluorescence in the structures
demonstrated their dynamic nature, because it is due to the
equilibrium between dissociation of unbleached proteins
(and later also of bleached proteins) and association of
(un)bleached proteins. Bleaching was specific for the cells
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Fig. 1. DNA damage response of the human RAD52 group proteins in living cells. (A) Detection of Rad51-GFP, Rad52-GFP and Rad54-GFP in
living CHO cells before treatment with ionizing radiation by a combination of fluorescence and phase-contrast microscopy (0 Gy; upper panels). All
three proteins formed nuclear foci upon treatment with ionizing radiation (12 Gy; lower panels). Images were taken 2 h after irradiation. (B) DNA
damage-induced colocalization of Rad51 and Rad54—-GFP. Cells expressing Rad54—-GFP were fixed 2 h after treatment with ionizing radiation (12 Gy).
Nuclei were visualized by DAPI staining. The signal from Rad54-GFP (shown in green) was observed directly by fluorescence microscopy.
Endogenous Rad51 (shown in red) was detected by indirect immunofluorescence using antibodies against Rad51. Colocalization of Rad51 and
Rad54-GFP (shown in yellow) is evident in the merged image. (C) Kinetics of endogenous Rad51, Rad51-GFP, Rad52-GFP and Rad54-GFP DNA
damage-induced foci formation. CHO cells or their derivatives expressing the indicated GFP-tagged RADS52 group proteins were fixed at the indicated
times after treatment with ionizing radiation (12 Gy). Detection of foci was performed as described in (B). The percentage of cells containing nuclear
foci of endogenous Rad51, Rad51-GFP, Rad52-GFP or Rad54-GFP was determined in three independent experiments. (D) Dose response of endo-
genous and Rad51-GFP foci. CHO cells and their derivative expressing RadS1-GFP were fixed 2 h after treatment with the indicated doses of ionizing
radiation. Detection of foci was performed as described above. (E) Immunoblot of endogenous and Rad51-GFP. Cell-free extracts prepared from V79
cells stably expressing Rad51-GFP were fractionated into nuclear (Nuc) and cytoplasmic (Cyt) fractions, which were analyzed for the presence of en-
dogenous Rad51 and Rad51-GFP by immunoblotting using antibodies against Rad51. (F) Clonogenic survival assays of V79 cells and their indicated
derivatives. V79 cells and V79 cells expressing Rad51-GFP were equally sensitive to ionizing radiation as measured by colony-forming ability after
irradiation. A derivative of V79 (irs1), defective in the Rad51 paralogue Xrcc2, served as a control for irradiation. (G) Clonogenic survival assays of
the Rad54-proficient and -deficient cells after ionizing radiation. The ionizing radiation sensitivity of Rad54~~ mouse embryonic stem cells was
corrected to wild-type levels by the expression of Rad54-GFP.
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on which the laser was aimed, as can be seen from the
fluorescence signal in the control cells shown for Rad51
and Rad54, which hardly changed over time except for a
low amount of bleaching due to monitoring of the cells
(Figure 4A). Quantitation of these FLIP experiments
revealed a qualitatively similar result to that found in the
FRAP experiment (Figure 4B). The residence time of
Rad54 in the DNA damage-induced structures was shorter
than that of Rad52, whereas Rad51 was a much more long-
lived component of the structures with little turnover and
therefore a long residence time.

Absence of immobile Rad52 and Rad54 in DNA
damage-induced foci

The FRAP and FLIP experiments clearly revealed that the
majority of Rad51 molecules are stably associated with the
DNA damage-induced structures. In contrast, Rad52 and
Rad54 were not stably associated with the structures.
However, we could not rule out, from the FRAP and FLIP
experiments by themselves, the possibility that a minor
fraction of these proteins was stably associated. To address
this issue, we performed a set of experiments in which
FRAP and FLIP techniques were applied simultaneously
in the same cell (Figure 5). Half a cell containing DNA
damage-induced structures was bleached (Figure 5A).
Subsequently, the recovery of the fluorescence was
monitored in a number of foci in the bleached half of the
cell, and loss of fluorescence was monitored in a number of
foci in the unbleached half of the same cell. The change in
fluorescence intensity of foci containing Rad51, Rad52
and Rad54 was quantitated over time (Figure 5B). If a
stably associated fraction of the RAD52 group proteins
with the DNA damage-induced structures was present, the
FRAP and FLIP curves would not converge. This is
because both a fraction of the bleached proteins in the
bleached DNA damage-induced structures and a fraction
of the fluorescent proteins in the unbleached structures
would not be replaced. Consistent with a long residence
time, the FRAP and FLIP curves for Rad51 hardly
changed over time. Significantly, for Rad52 and Rad54,

Fig. 2. Fluorescence redistribution after photobleaching (FRAP) analy-
ses of RAD52 group proteins in CHO cells. Cells stably expressing
Rad51-GFP, Rad52-GFP and Rad54-GFP were subjected to a local
bleach pulse, and the kinetics of fluorescence recovery in the bleached
area was determined. (A) An example of the primary data obtained
using the photobleaching protocol on a cell nucleus (shown left) con-
taining Rad54-GFP. The fluorescence in a small strip (indicated by the
hatched rectangle) spanning the entire nucleus was bleached with a
200 ms high-intensity laser pulse. The recovery of fluorescence in the
strip was monitored at intervals of 100 ms. For clarity, only strips
obtained every second are shown above the time scale of the experi-
ment. The measured fluorescence intensities over time are plotted
below. (B) The photobleaching protocol was applied to a number (n) of
cells containing GFP, Rad52-GFP and Rad54-GFP. The fluorescence
intensity immediately after bleaching was set to 0, and the final post-
bleach pulse fluorescence intensity measured was set to 1. The normal-
ized data are plotted. (C) The photobleaching protocol was applied
to a number (n) of cells containing Rad51-GFP, Rad52-GFP and
Rad54-GFP. In this case, the final measured fluorescence intensity was
normalized to the pre-bleach pulse fluorescence intensity. (D) The
effective diffusion coefficients of the RAD52 group proteins were deter-
mined by fitting the experimentally obtained curves [shown in (B)
and (C)] to a mathematical model describing diffusion (see Materials
and methods). Measurements were performed in triplicate, and consist-
ent results were obtained among different sets of experiments. Error
bars indicate twice the standard error of the mean.

Dynamics of recombination proteins in living cells

the curves for the FRAP and FLIP experiments converged
completely, showing the absence of a long-lived immobile
fraction of either of the two proteins in the DNA damage-
induced structures. Finally, the simultaneous FRAP/FLIP
experiment demonstrated that the bleaching itself did not
affect the dynamic behavior of the GFP-tagged RADS52
group proteins, since both the ‘frapped’ and the ‘flipped’
side of the cell returned to the same fluorescence intensity,
as did the fluorescence intensity ratio between the
nucleoplasm and the DNA damage-induced structures.
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Fig. 3. Different residence times of RAD52 group proteins in DNA
damage-induced foci. (A) Individual DNA damage-induced foci (indi-
cated by squares) in cells stably expressing Rad52-GFP were photo-
bleached. Images were collected before, immediately after and at the
indicated times after the bleach pulse. (B) Quantitative FRAP analysis
of DNA damage-induced Rad51-GFP, Rad52-GFP and Rad54-GFP
foci. Recovery of fluorescence was measured at the indicated time
points after the bleach pulse. All data points represent the mean of at
least 10 different measurements, and the error bars indicate twice the
standard error of the mean. The results were independent of the cell
line used, because similar results were obtained with V79 and CHO9
cells. The major cause of fluctuations in fluorescence intensity of the
foci was cellular movement.

Discussion

Different mobilities of RAD52 group proteins

in the nucleus

The results of our experiments suggest that the major
fraction of the RADS52 group proteins is not part of the
same pre-assembled holo-complex in the absence of DNA
damage. Instead, the majority of the proteins are diffusing
through the nucleus independently. Once a DSB arises, it
might represent a site with a slightly increased affinity for
one of the RAD52 group proteins compared with intact
DNA. In this regard, Rad52 itself is a good candidate
protein, because it preferentially binds to DNA ends
(Van Dyck et al., 1999). The difference in affinity ensures
that Rad52 will be immobilized for a longer time at the
DSB site than at other sites in the genome. Therefore, on
average, Rad52 will accumulate at the DSB site. From the
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Fig. 4. FLIP in DNA damage-induced Rad51-GFP, Rad52-GFP and
Rad54-GFP foci. (A) A region (indicated by circles) in the nucleo-
plasm of ionizing radiation-treated (12 Gy) cells expressing
Rad51-GFP, Rad52-GFP or Rad54-GFP was repeatedly bleached 2 h
after the irradiation. Cells were imaged between bleach pulses at the
indicated times after the initial bleach pulse. (B) Quantitative FLIP
analysis of DNA damage-induced foci containing Rad51-GFP,
Rad52-GFP and Rad54-GFP. The difference between the loss in fluor-
escence of the DNA damage-induced foci and that of the nucleoplasm
was determined at the indicated time points after the initial bleach
pulse. The resulting curves were corrected for background bleaching
due to monitoring of the cells. For each data point, at least five differ-
ent cells and five foci per cell were analyzed. Error bars indicate twice
the standard error of the mean.

observed fluorescence intensity of the Rad52 protein in the
DNA damage-induced structures, we suspect that these
structures do not represent a single Rad52 heptamer bound
to a single DSB end (Stasiak et al., 2000). Because fewer
DNA damage-induced structures are observed compared
with the number of DSBs generated by a given dose of
ionizing radiation, it is possible that these structures
represent sites where multiple DSBs are processed.
Alternatively, or in addition, multiple Rad52 heptamers
might be required to process a DNA lesion. Accumulation
of Rad52 at the DSB sites might, in turn, generate sites of
increased affinity for the other RAD52 group proteins, such
as Rad51. The reason why Rad51 is the most stable
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Fig. 5. FRAP and FLIP in DNA damage-induced Rad51-GFP,
Rad52-GFP and Rad54-GFP foci. (A) A region (indicated by rect-
angles) of a cell containing Rad52—-GFP foci was bleached by a single
laser pulse (upper panels). The cell was imaged at the indicated times
after bleaching. FLIP was measured in foci in the unbleached half of
the cell, and FRAP was measured in foci in the bleached half of the
same cell. The same experimental protocol applied to a fixed cell dem-
onstrates the requirement for protein mobility to observe FRAP and
FLIP (lower panels). (B) Quantitation of the simultaneous FRAP/FLIP
experiment on DNA damage-induced Rad51-GFP, Rad52-GFP and
Rad54-GFP foci. Error bars indicate twice the standard error of
the mean.

component of DNA damage-induced structures could be
due to the fact that this protein is part of a higher order
structure, the nucleoprotein filament, in which it could be
kept through cooperative interactions (De Zutter and
Knight, 1999). Although we cannot rule out the possibility
that the GFP tag influences the residence time of Rad51 in
the DNA damage-induced structures, we believe this to be
unlikely because the dose response and the kinetics of
appearance and disappearance of DNA damage-induced
structures containing endogenous Rad51 and Rad51-GFP
are the same (Figure 1C and D).

A scenario in which the DNA repair proteins diffuse
through the nucleus in relatively small complexes, and
assemble ‘on-the-spot’ in DNA repair complexes, may be
favorable to holo-complex formation prior to binding to
damage, because small complexes have more efficient
access than bulky holo-complexes to DNA damage located
in condensed (hetero)chromatin regions (Cremer and
Cremer, 2001; Houtsmuller and Vermeulen, 2001).
Moreover, the observed homogeneous distribution of
freely mobile DNA repair proteins, probably due to free
diffusion (Phair and Misteli, 2000), ensures that all
required factors are always present in the vicinity of
DNA lesions wherever they occur, allowing rapid and
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efficient detection and subsequent repair. The observation
that the induction of DNA damage does not influence
the diffusion rates of the Rad52 and Rad54 proteins that
are located in the nucleoplasm (as opposed to the proteins
in the DNA damage-induced structures) argues that
potential complexes between Rad52 and Rad54 do
not pre-assemble away from the DNA damage-induced
structures.

Cross-talk between DNA repair pathways
Performing the repair of DNA lesions by freely diffusing
proteins that are temporarily immobilized due to en-
countering sites of increased affinity has an additional
important advantage over a mechanism involving pre-
assembled holo-complexes (Kowalczykowski, 2000).
In situ assembly allows a greater flexibility in the
composition of a DNA repair complex. Because different
components can rapidly and reversibly interact with the
DNA damage-induced structure, the specific components
required for the repair of a particular lesion can be
selected. For example, although both the repair of a DSB
and an interstrand DNA cross-link through homologous
recombination require Rad51, repair of an interstrand
DNA cross-link requires, in addition, structure-specific
endonucleases, such as ERCCI1/XPF (Dronkert and
Kanaar, 2001). ERCC1/XPF is also involved in nucleotide
excision repair, but the other components of this DNA
repair pathway do not play a major role in mammalian
interstrand DNA cross-link repair. The rapid and revers-
ible interaction of proteins with DNA damage-induced
structures alleviates the necessity of having to dissemble a
DNA repair holo-complex that does not contain all the
specialized components required to repair the lesion with
which it is associated. Furthermore, in sifu assembly
allows exchange of components between different multi-
step DNA repair pathways. This cross-talk is biologically
significant because it will lead to an increase in the
diversity of DNA lesions that can be repaired and provides
a mechanism to link DNA repair with other DNA
transactions, such as replication.

Materials and methods

DNA constructs and cell lines

Plasmids EGFP-Rad51, EGFP-Rad52 and EGFP-Rad54 were generated
by inserting cDNAs encoding the respective human RADS52 group
proteins into pEGFP-C1, pEGFP-C3 and pEGFP-N1 (Clontech). The
constructs were transfected into CHO9 and V79 Chinese hamster ovary
cells and mouse embryonic stem cells. Stable clones were selected using
G418 or puromycin. Upon immunoblot analysis, the nuclear expression
levels of Rad51-GFP (Figure 1E) and Rad54—GFP (data not shown) were
found to be similar to those of the endogenous proteins. Quantitation of
the nuclear fluorescence intensity of cells expressing Rad52-GFP and
Rad54-GFP showed that both proteins were expressed to similar levels.
Taken together, these data indicate that none of the nuclear GFP-tagged
RADS?2 group proteins is overexpressed.

Epifluorescence microscopy, cell survival assays

and immunoblotting

Cells were treated with ionizing radiation using a '3’Cs source and fixed
with 2% paraformaldehyde. Endogenous Rad51 was detected using
indirect immunofluorescence with a polyclonal antibody raised against
human Rad51 in rabbits (Tan et al., 1999). The signal from GFP-tagged
proteins was observed directly by fluorescence microscopy. Quantitation
of DNA damage-induced foci and cell survival assays were performed as
described previously (Essers et al., 1997; Tan et al., 1999). Control cell
lines used in the survival assays were irsl (Cartwright ef al., 1998; Liu
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et al., 1998) and Rad547 (Essers et al., 1997). Cell lines stably
expressing Rad51-GFP were analyzed for the presence of Rad51 using
immunoblotting after cellular fractionation into nuclear and cytoplasmic
fractions (Davies et al, 2001; Kraakman-van der Zwet et al., 2002). Five-
fold more nuclear fraction than cytoplasmic fraction was transferred to
the blots. We believe that the high local concentrations of Rad51 that
could be observed in the cytoplasm (Figure 1A) reflect the presence of
Rad51 in a cytoplasmic organelle. The structures were present before
irradiation and did not increase upon irradiation.

Confocal microscopy

Cells were treated with ionizing radiation and subjected to photobleach-
ing experiments 2 h after irradiation. Confocal images of living cells
expressing GFP-tagged RADS52 group proteins were obtained using a
Zeiss LSM 410 microscope equipped with a 200 mW Ar laser at 488 nm
and a 40X 1.3 n.a. oil immersion lens. Images of single nuclei were taken
at a lateral sample interval of 100 nm. GFP fluorescence was detected
using a dichroic beamsplitter (488/543 nm) and an additional 515-540 nm
bandpass emission filter placed in front of the photomultiplier tube.

Photobleaching experiments

To determine the Deg of freely mobile GFP-labeled RADS52 group
proteins, a small region with a width of 2 um and spanning the entire
nucleus was bleached for 200 ms at high laser intensity (100% of the
488 nm line of a 200 mW Ar laser) (Ellenberg et al., 1997; Houtsmuller
et al., 1999; Houtsmuller and Vermeulen, 2001). Subsequently, the
recovery of fluorescence in the region was monitored at intervals of
100 ms at 3% of the laser intensity applied for bleaching. The D¢ was
estimated by calculating relative fluorescence at several time points, after
small corrections for monitor bleaching: FRy(t) = (I, — Io)/(I. — Ip),
where L. is the fluorescence intensity measured after complete recovery,
Iy is the fluorescence intensity immediately after bleaching and /; is the
measured fluorescence intensity at 100 ms intervals. The D.g was
calculated as the value of D in the theoretical equation for one-
dimensional diffusion: FT() = 1 — [w? X (w? + 4nDr)"']"> (Ellenberg
et al., 1997), for which E[FRy(f) — FT()]* is minimal (least-squares
fitting). For visualization and estimation of a potentially present immobile
fraction, relative fluorescence was calculated, after small corrections
for monitor bleaching, as FRinm(t) = (I, — 1p)/(I,<o — Ip), where I, is
the intensity immediately before bleaching. The immobile fraction
was calculated as Nimmobile/Ntul =1- FRimm(oc) X (1 - Nmobile,bleached/
Nioo)™', Where Npobile bleached/Nior 1S the fraction of mobile molecules
bleached by the pulse.

To determine the residence time of RADS52 group proteins in foci
formed upon Yy-irradiation, FRAP and FLIP experiments were applied.
Foci, induced by treatment of cells with 12 Gy ionizing radiation, were
analyzed 2 h after irradiation. In FRAP experiments, the fluorescence
recovery of foci bleached for 1 s (at 100% intensity) was monitored (at
3% intensity), with time intervals as indicated. Relative fluorescence
in each focus (spot) was calculated as FRpolt) = (Uspors — Lspor,0)/
[(Inucl,t<(}/nuc],0°) X (Iapol,r<0 - IS]’JOLO)]’ where Inucl is the fluorescence
intensity in the vicinity of the foci and I, is the intensity in the focus
after subtraction of Iyuei (Uspot = Imeasurea — Inuct). The time required for
the recovery of half the relative fluorescence intensity was used as a
measure for the residence time of individual proteins. In FLIP
measurements, the loss of fluorescence was monitored in foci (at 3%
laser power) in between repetitive bleach pulses (1 s at 100% laser
intensity with 5 s intervals) at a distant region in the same nucleus.
Relative fluorescence was calculated, after small corrections for monitor
bleaching, as FRepo(t) = (spots — Tnuct.) Uspor,o — Inuct,0), and the differ-
ence in relative fluorescence between the nucleoplasm and the foci was
plotted against time. The longer apparent residence time for the proteins
measured using the multi-bleach pulse FLIP protocol, compared with
FRAP, is due to the time required to diffuse from the bleached area to the
DNA damage-induced structure.

In the simultaneous FRAP/FLIP experiment, half the nucleus was
bleached for 2 s at 50% laser intensity (Figure 5A). Subsequently, the
redistribution of fluorescence in the nucleoplasm and the exchange of
bleached and unbleached molecules between foci and nucleoplasm were
monitored by taking confocal images at fixed time intervals (3 s for Rad54
and 12 s for Rad51 and Rad52). The relative intensities /g of the foci in
the bleached and unbleached halves of the cell were calculated separately
as Ig = (I; — Ip)/(I,<o — Ip), where I, is the intensity of the foci measured at
consecutive time points, I, is the intensity of the bleached foci
immediately after bleaching and I, is the intensity of the foci before
bleaching. If a fraction of the fluorescent molecules is stably associated
with the foci, the size of this fraction is given by Fuply bound =
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IIR pieached — IR unbleachedl- If the curves reach the same level (/g pieached =
IR unbleached), there is no stably bound fraction.
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